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Multiply
By To obtain Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:°F =(1.8×°C)+32
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (µS/cm at 25 °C).
Introduction
The Rio Grande Compact (New Mexico State Annual § 75-34-3 (1953) , Act of May 31, 1939, ch. 155, 53 Stat. 785), signed into law by Congress in 1938, apportions the waters of the Rio Grande above Fort Quitman, Texas, among the States of Colorado, New Mexico, and Texas and establishes water delivery obligations for Colorado and New Mexico and normal release for the Rio Grande below Elephant Butte Reservoir. The Bureau of Reclamation manages Elephant Butte and Caballo Reservoirs, located on the Rio Grande in New Mexico, for power supply and for irrigation water supply. On the Rio Grande below Caballo Reservoir, the Elephant Butte Irrigation District and El Paso County Water Improvement District No. 1 operate and maintain a system of irrigation canals and laterals that provides delivery of irrigation water to 90,640 acres of land within New Mexico and 68,000 acres within Texas (Bureau of Reclamation, 2008).
The U.S. Geological Survey (USGS), in cooperation with the New Mexico Interstate Stream Commission, conducted a seepage investigation on the Rio Grande from below Caballo Reservoir, N. Mex., to El Paso, Tex., to determine streamflow loss or gain in this approximately 106-mile reach of the Rio Grande. Increasing drought conditions have resulted in reduced water available for domestic, agricultural, and recreational uses (Crilley and others, 2013) . A better understanding of the spatial distribution of streamflow gains and losses during high flow conditions in this reach of the Rio Grande is needed to better manage the available water.
The intent of the investigation was to determine gains and losses from the river during a period of flows associated with irrigation deliveries along the Rio Grande during the summer of 2012 and to determine the component of those gains and losses associated with surface-water/groundwater interaction. Previous seepage investigations were conducted along portions of the study area during winter months by measuring periods of base flow in the Rio Grande (Crilley and others, 2013) .
Purpose and Scope
This report describes the methods used to obtain flow measurements and presents the results of the seepage investigation conducted on the Rio Grande between Caballo Reservoir, N. Mex., and El Paso, Tex., during June 26-28, 2012 . Discharge measurements at 73 sites, which include 5 river sites, 5 irrigation diversions, and 63 inflow sites (50 irrigation return flows to the river, 8 drains, and 5 wastewater treatment outfalls) are presented. The calculated streamflow gains and losses attributed to interactions with groundwater along four reaches of the Rio Grande are also presented. Field measurements and observations recorded at discharge measurement locations are presented and include water temperature, specific conductance, instantaneous discharge measurement, discharge measurement type, and discharge rating related to each site.
Description of the Study Area and Measurement Locations
The Rio Grande flows for 1,896 miles from southwestern Colorado south through New Mexico, forming the international boundary between Texas and Mexico outside the study area below El Paso, Tex. The study area encompasses the lower third of the Rio Grande in New Mexico, a 106-mile reach from below Caballo Reservoir, N. Mex., to El Paso, Tex. (fig. 1) .
Measurement locations included sites along the river and all diversion and inflow locations that provided potential gain or loss of streamflow to the river system. The river system includes the main channel, tributaries, and manmade features such as diversions and canals. River miles are referenced upstream from site 69, at USGS streamgage Rio Grande at El Paso, which is designated as river mile 1,249.9 (Hendricks, 1964) . The relative locations of measurement sites are shown in figure 2, and associated river miles are presented in table 1.
Methods
The seepage investigation was conducted over a 3-day period in June 2012 during the irrigation season at high flow. Instantaneous discharge was measured at sites along the river channel, at points of diversion, and at inflows along each study reach. The net gain or loss of flow in the river channel was computed for four reaches along the Rio Grande ( fig.  1) . A reach is defined as the interval between two adjacent river discharge-measurement locations. The reaches were designated as follows: Reach 1, Rio Grande below Caballo Reservoir (site 1, river mile 1,355.6) to Rio Grande at Haynor Bridge (site 22, river mile 1,322.5); Reach 2, Rio Grande at Haynor Bridge (site 22, river mile 1,322.5) to Rio Grande below Mesilla Diversion Dam (site 41, river mile 1,285.7); Reach 3, Rio Grande below Mesilla Diversion Dam (site 41, river mile 1,285.7) to Rio Grande at Anthony-EP no. 1 (site 59, river mile 1,265.9); and Reach 4, Rio Grande at Anthony-EP no. 1 (site 59, river mile 1,265.9) to Rio Grande at El Paso (site 69, river mile 1,249.9) (figs. 1 and 2; table 1).
Gains or losses in the river can result from seepage to or from the streambed, bank storage, or evaporation from the water surface. Releases from Caballo Reservoir were maintained at a constant rate during the study to minimize gains or losses from bank storage (Jay Powell, Bureau of Reclamation, oral commun., May 24, 2012).
Measurement of Surface-Water Discharge
Discharge measurements at the sites during the seepage investigation were derived from field discharge measurements following standard USGS protocols (Rantz and others, 1982; Kilpatrick and Schneider, 1983; Nolan and Shields, 2000; Oberg and others, 2005; Turnipseed and Sauer, 2010) and from reported values from wastewater treatment plants. Surface-water depth and velocity were determined primarily through the use of an acoustic Doppler current profiler (ADCP) or an acoustic Doppler velocimeter (ADV) depending on site characteristics. The ADCP provides a continuous series of data throughout the cross section of a channel, whereas the ADV measures point velocities at 25-30 vertical sections that subdivide the channel such that no section contains more than 5 percent of the total crosssectional discharge (Oberg and others, 2005) . Discharge measurements were assigned a qualitative measurement uncertainty on the basis of field assessment of flow and measurement conditions of excellent (less than or equal to 2 percent), good (less than or equal to 5 percent), fair (less than or equal to 8 percent), or poor (greater than 8 percent) (Turnipseed and Sauer, 2010) .
Multiple instantaneous discharge measurements were made at river sites 1, 22, 41, 59, and 69 (table 2) throughout the duration of the investigation to monitor stability of flow within the Rio Grande. Average values for each day and reach were computed and used to calculate gain or loss within the respective reach.
Effluent from wastewater treatment plants that discharged to the Rio Grande was reported as the daily mean discharge computed from the total discharge for the day metered by the plant (reported-MDI) (table 2). Discharge data for all effluent sites are designated as "reported-MDI" with an uncertainty in measurement greater than or equal to 8 percent, with the exception of site 10, which had no discharge during this investigation.
Specific conductance and water temperature were measured at all sites with multiparameter water-quality meters calibrated according to standard USGS protocols (Wilde and Radtke, variously dated) and are reported in table 2. Water temperature at site 69 was averaged for four measurements, each consisting of six cross-sectional transits of the channel (table 2). Specific conductance at site 69 was averaged for five measurements, each consisting of six crosssectional transits of the channel. Water quality parameters were collected to verify field conditions to enable ADCPs and ADVs to compute the speed of sound correctly to accurately measure velocities, depths, and compute discharge (Rantz and others, 1982) . River miles are referenced upstream from the Rio Grande at El Paso, Texas, which is designated as river mile 1,249.9 (Hendricks, 1965) . 1 River miles are referenced upstream from the Rio Grande at El Paso, Texas, which is designated as river mile 1,249.9 (Hendricks, 1964) . 
Seepage Computation
The mass balance equation used for calculating net seepage gain or loss in a reach is as follows (Simonds and Sinclair, 2002) : (1) where Q G is the net seepage gain or loss for a reach, in cubic feet per second; Q ds is the discharge measured at the downstream end of the reach, in cubic feet per second; Q in is the sum of inflows, in cubic feet per second; Q us is the discharge measured at the upstream end of the reach, in cubic feet per second; and Q out is the sum of the outflows, in cubic feet per second. The result is the estimated net flux of water gained or lost from the river for the reach. Positive values indicate a gaining reach, and negative values indicate a losing reach. If Q ds is greater than Q us plus Q in minus Q out , then the algebraic sign of the estimated flux is positive (+), which signifies a gain for that reach. Conversely, if Q ds is less than Q us plus Q in minus Q out (that is, if less discharge was measured at the downstream section of the reach than was measured at the upstream section plus any inflow to that reach and minus any outflows [equation 1]), then the algebraic sign of the estimated flux in equation 1 is negative (-), which signifies a loss.
Estimation of Uncertainty
The percentage of uncertainty for individual discharge measurements was determined by a qualitative evaluation of the measurement uncertainty and a subjective evaluation by the hydrographer considering objective factors that could affect measurement quality (Sauer and Meyer, 1992) . These factors include number and distribution of vertical sections where velocity is measured, average velocity, uniformity of flow, regularity and firmness of channel bottom, steadiness of stage and discharge during the measurement, and presence or absence of ice, wind, or debris in the flow that could affect the ability of the current meter to accurately measure the current velocity (Wilberg and Stolp, 2005) . If a site had zero flow (dry channel), then the uncertainty for that individual measurement was 0, and the uncertainty for that measurement did not contribute numerically to the cumulative uncertainty estimation for the reach. For purposes of computation, the uncertainty in the measurement of discharge was assigned a numerical value as follows: dry channel, 0 percent; excellent, 2 percent; good, 5 percent; fair, 8 percent; and poor, 10 percent.
The cumulative measurement uncertainty estimation associated with the computed net seepage gain or loss for a reach was determined by the following equation (Wheeler and Eddy-Miller, 2005) : (2) where δQ G is the absolute value of the cumulative measurement uncertainty in the computation of seepage gain or loss, in cubic feet per second; a 1 , a 2 ,... a n is measurement uncertainty, in percent; and Q 1 , Q 2 ,... Q n is the measured discharge, in cubic feet per second. A gain or loss was determined to be substantial when it exceeded the cumulative uncertainty associated with the net seepage computation.
Net Seepage Gain or Loss and Estimation of Uncertainty
Wilberg and others (2001) developed a technique used to determine if the difference between discharge measured at upstream and downstream sites in a specified reach exceeded the cumulative measurement uncertainty at those sites. Each reach was normalized to the maximum discharge within that reach to allow for comparison between reaches with varying discharges. These computations, as modified from Wilberg and Stolp (2005) , are as follows: (3) where N d is the normalized seepage difference, in percent; and MaxQ is the maximum discharge measured along a reach as either the downstream discharge plus any outflow or the upstream discharge plus any inflow, in cubic feet per second.
where N e is the normalized cumulative uncertainty, in percent. A computed loss or gain for a reach is considered substantial if the normalized percentage difference (N d %) was greater than or equal to the normalized percentage uncertainty (N e %).
Results of Seepage Investigation on the Rio Grande from Below Caballo Reservoir, New Mexico, to El Paso, Texas
The seepage investigation focused on a 106-mile reach of the Rio Grande and included 73 measurement locations from site 1 below Caballo Reservoir, N. Mex., to site 69, the Rio Grande at El Paso streamgage, in Texas ( fig. 1; table 1 ). Releases and diversions were coordinated with the Bureau of Reclamation, Elephant Butte Irrigation District, and El Paso County Water Improvement District No. 1 to provide stable flow conditions during the course of the investigation. Of the 73 measurement locations, a total of 39 sites had measurable discharge (5 river sites, 4 diversions, and 30 inflow sites), with specific conductance and water temperature measured at each site (table 2). The averages of multiple instantaneous discharge measurements at main-stem sites 1, 22, 41, 59, and 69 (table 2) on days of data collection for a specific reach were used for the instantaneous discharge measurement values that are used in the computation of gain and loss.
Reach 1, Rio Grande Below Caballo Reservoir (Site 1) to Rio Grande at Haynor Bridge (Site 22)
Reach 1 consists of 31.1 miles along the Rio Grande from site 1 below Caballo Reservoir to site 22 at Haynor Bridge ( fig. 1 ). Of the 22 measurement locations, a total of 9 sites had measurable discharge (2 river, 1 diversion, and 6 inflow sites; table 3), with specific conductance and water temperature measured at each site (table 2). Zero flow was observed at 1 diversion and 12 inflow sites.
Uncertainty in the measurement of discharge was good at sites 1, 3A, and 22 (table 2). All measured inflow sites were rated fair to poor. The discharge measurement at site 15 was not assigned any measurement uncertainty at the time of collection and was categorized as unspecified; a rating of fair was assigned for the purpose of analysis on the basis of the discharge and channel conditions. Discharge measured on June 26 at site 1 (average of 1,670 cubic feet per second [ft 3 /s]) and site 22 (average of 1,420 ft 3 /s) indicated stable flow conditions on the basis of variability of multiple measurements at each site (tables 2 and 3). The computed net seepage gain or loss was less than the cumulative uncertainty, indicating that the estimated gain or loss within Reach 1 cannot be considered substantial. The sum of seepage gains and losses within the reach was a loss of 66.8 ft 3 /s (table 3) .
Reach 2, Rio Grande at Haynor Bridge (Site 22) to Rio Grande Below Mesilla Diversion Dam (Site 41)
Reach 2 consists of 36.8 miles along the Rio Grande and includes sites 22 to 41 beginning at Haynor Bridge and ending below Mesilla Diversion Dam ( fig. 1) . Of the 21 measurement locations, a total of 12 sites had measurable discharge (2 river, 3 diversion, and 7 inflow sites; table 4), with specific conductance and water temperature measured at each site (table 2). Zero flow was observed at 9 inflow sites.
Uncertainty in the measurement of discharge was good at sites 22, 24, 38, and 39 (table 2). All measured inflow sites were rated fair to poor. Site 28 was not assigned any measurement uncertainty at the time of collection and was categorized as unspecified; site 28 was categorized as fair for the purpose of analysis on the basis of the discharge and channel conditions. Discharge measured on June 27 at site 22 (average of 1,400 ft 1) . Of the 21 measurement locations, a total of 14 sites had measurable discharge (2 river and 12 inflow sites; table 5), with specific conductance and water temperature measured at each site (table 2). Zero flow conditions were observed at seven inflow sites.
Uncertainty in the measurement of discharge was good at inflow site 58 (table 2). All river sites were rated fair, and the other measured inflow sites were rated poor. Discharge measured on June 28 at site 41 (average of 345 ft Table 3 . Summary of measured discharge and the computed net seepage gain or loss in Reach 1, Rio Grande seepage investigation, June 26, 2012.
[ID, identification number; site ID: see table 1 and figures 1 and 2 for location of sites. ft³/s, cubic feet per second; %, percent; Q ds , discharge measured at downstream river site; Q G , net seepage gain (+) or loss (-) . See text for equations and description of cumulative uncertainty computation; N d %, normalized percentage difference, used to determine the difference between discharge measured at upstream and downstream sites of a given subreach. See text for equations and definitions of terms; N e %, normalized cumulative uncertainty, in percent, used to determine if a computed gain or loss exceeds errors associated with discharge measurement. See text for equations and definitions of terms; ≥, greater than or equal to; >, greater than; <, less than; Y, yes; N, no; ──, not applicable; Reach 4 consists of 16.0 miles along the Rio Grande and includes sites 59 to 69 beginning at the Rio Grande at Anthony-EP no. 1 and ending at the Rio Grande at El Paso ( fig. 1) . Of the 12 measurement locations, a total of 8 sites had measurable discharge (2 river and 6 inflow sites; table 6), with specific conductance and water temperature measured at each site (table 2) . Zero flow conditions were observed at four inflow sites.
Uncertainty in the measurement of discharge was good at sites 60, 62, 63, and 64 (table 2). All river sites were rated fair, and measured inflow sites were rated good or poor. Discharge measured on June 28 at site 59 (average of 397 ft Table 6 . Summary of measured discharge and the computed net seepage gain or loss in Reach 4, Rio Grande seepage investigation, June 28, 2012.
[ID, identification number; site ID: see table 1 and figures 1 and 2 for location of sites. ft³/s, cubic feet per second; %, percent; Q ds , discharge measured at downstream river site; Q G , net seepage gain (+) or loss (-) . See text for equations and description of cumulative uncertainty computation; N d %, normalized percentage difference, used to determine the difference between discharge measured at upstream and downstream sites of a given subreach. See text for equations and definitions of terms; N e %, normalized cumulative uncertainty, in percent, used to determine if a computed gain or loss exceeds errors associated with discharge measurement. See text for equations and definitions of terms; ≥, greater than or equal to; >, greater than; <, less than; Y, yes; N, no; ──, not applicable; 
Summary
A seepage investigation was conducted in 2012 on the Rio Grande from below Caballo Reservoir, New Mexico, to El Paso, Texas, by the U.S. Geological Survey, in cooperation with the New Mexico Interstate Stream Commission. A total of 73 sites including river channel, diversions, and inflows associated with irrigation systems were selected for four reaches on the Rio Grande. The most upstream site was located immediately below Caballo Reservoir, and the most downstream site was located at the U.S. Geological Survey streamgage Rio Grande at El Paso.
Discharge was measured at 40 of the 73 sites during June 26-28, 2012, during the irrigation season at high flow. Cumulative gains or losses, which include estimated seepage gains or losses, were calculated for each of the four reaches by using the instantaneous discharge values for each site. Reach 1 had a calculated loss of 66.8 cubic feet per second (ft 3 /s) that was less than the estimated measurement uncertainty. Reach 2 had a calculated loss of 234 ft 3 /s that was greater than the estimated measurement uncertainty. Reach 3 had a calculated gain of 33.0 ft 3 /s that was less than the estimated measurement uncertainty. Reach 4 had a calculated loss of 50.7 ft 3 /s that was greater than the estimated measurement uncertainty.
